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IPS with the MWA

IPS is low-frequency VLBI for the masses!

Caused by density 
fluctuations in the solar 
wind 

Temporal variations 
caused by random 
refraction crossing at 
~400 km/s 

Sensitive to angular 
scales ~0.3” at 150 
MHz 

Like having a 400km 
interferometer that 
forms fringes for you! 
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IPS nearly discovered pulsars

Hewish & Okoye 1965: 

“The scintillation technique [showed] … which radio sources 
had angular sizes in the range 0”.l- l”.0. The first really 
unusual source … turned up in 1965 when, with my student 
Okoye, I was studying radio emission from the Crab Nebula. 
We found a prominent scintillating component … far too small 
to be explained by conventional synchrotron radiation and 
we suggested that this might be the remains of the original 
star which had exploded .… This source later turned out to be 
none other than the famous Crab Nebula Pulsar.” 
— Hewish, Nobel lecture

Image courtesy of NRAO/AUI and M. Bietenholz
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Widefield IPS with the MWA
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Widefield IPS with the MWA



IPS with the MWA

An example

150 MHz

79 MHz
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Scintillation index with solar elongation

Chhetri et al. in press
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What sources show IPS?Detection Statistics

High S/N: 414 objects

 Strong Scintillators 

(NSI ≥ 0.9)  

9%

● Moderate Scintillators

(0.4 ≤ NSI < 0.9) 

23%

● Weak/non Scintillators 

(NSI < 0.4)

 53%

● Unrestrictive NSI limits

All have NSI < 0.6

14%
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Figure 15. Plot of normalised scintillation index (NSI) versus
normalised S/N for sources listed in Table 1, with normalised
S/N cut-o↵ made at 4. Sources with detected IPS are shown in
blue, and the 5-� upper limits for sources with no IPS detection
in red. Peaked-spectrum sources from Callingham et al. (2017) are
marked with black circles, and 3FGL Fermi sources from Acero
et al. (2015) with green squares. Horizontal dotted lines delineate
the classes of strongly-scintillating sources (NSI � 0.9), moder-
ate scintillators (0.4 � NSI < 0.9), and sources with weak or no
scintillation (NSI < 0.4). The vertical dashed line shows the nor-
malised S/N = 12.5 limit applied for much of the analysis in this
paper.

peaked-spectrum sources account for almost half (47%) of
the entire population of strongly-scintillating sources in our
high S/N subsample. The one exception is the Fermi source
J013243-165444 discussed in Section 5.2 which is a blazar
and its spectral shape may well be determined by its cur-
rent activity.

Since 100% of the peaked spectrum sources in this sam-
ple have high scintillation it is possible that all sources
with high scintillation will have intrinsically peaked spectra
but some may have their peak in the part of the spectrum
not observed, i.e. a peak either below 70MHz or above a
1400MHz in the observed frame. There are no strong scin-
tillating sources in Figure 11 which could have a peak above
1400MHz so all the red points (strong scintillators) to the
left of the vertical line at 0 are strong candidates for sources
at high redshift with their spectral peak red-shifted to below
70MHz.

It is perhaps not surprising that most of the peaked-
spectrum sources are dominated by compact components
on sub-arcsec scales. Observationally, we know that sources
with spectral peaks at frequencies above ⇠200MHz are typ-
ically less than 1 arcsec in angular size (Snellen et al. 2000),
while sources with spectral peaks below this are generally
larger. Low-frequency VLBI observations of a small sample
of sources with radio spectra peaking below 1GHz (Coppe-
jans et al. 2016) also show that these are compact sources

less than about 1 kpc in size and appear to be genuinely
young radio galaxies. The power of our IPS technique is that
it can probe angular resolutions similar to those imaged by
low-frequency VLBI, but over a much larger field of view
and for hundreds of objects simultaneously.

Orienti & Dallacasa (2014) have recently extended the
work of O’Dea (1998) to derive an empirical relationship
between peak frequency and linear size for peaked-spectrum
radio sources across a wide range in frequency. Based on this
empirical relation, we might expect to see some relationship
between normalised scintillation index and spectral peak for
the sources in our sample, with the caveat that in many cases
the redshift of the source (and hence the rest-frame spectral
peak) is currently unknown. A test of this kind is beyond
the scope of the current paper, but would be interesting to
carry out in future.

Finally, we note that the strong prevalence of IPS in
the peaked-spectrum population is unsurprising if the peak
frequency, peak flux density, and angular size follow the re-
lation expected for a self-absorbed synchrotron source.

The absence of IPS in a given source may provide a
strong constraint on its angular size which, under certain
circumstances may invalidate the viability of synchrotron
self-absorption as an explanation for its spectral behaviour
below the peak of the emission. The assumption that the
spectral turnover in a peaked-spectrum source is due to syn-
chrotron self-absorption implies a relationship between the
direct measurables size, flux density (St), redshift, and peak
frequency (⌫t) with the value of the magnetic field strength,
B. Specifically, a lower limit on source size of ✓t implies
a lower limit to the product B(1 + z) (e.g. Kellermann &
Pauliny-Toth 1981) of


B

1 G
(1 + z)

�1/5
& 12.5

⇣ ⌫t
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⌘ ✓
St

100 mJy

◆� 2

5

✓
✓t

100 mas

◆ 4

5

(9)

Where the implied magnetic field estimate is su�ciently
high, synchrotron emission could be argued to be physically
implausible if it cannot provide a self-consistent explanation
of the SED below the spectral turnover.

The value of IPS-derived size measurements in inform-
ing the source physics can be illustrated with a hypotheti-
cal example. Suppose we observe a source with a spectral
turnover frequency of ⌫t = 250MHz at a flux density of
St = 0.4 Jy, and that IPS is not observed in this source and
thus yields a lower limit of ✓ = 1

00 on the source size at
150MHz. Assuming that the turnover is due to synchrotron
self-absorption and applying the lower limit on the source
size, scaled to 250MHz assuming the standard ✓ / � depen-
dence for an optically thick synchrotron source, implies a
lower limit to the source size at turnover of ✓t = 0.600, and
hence a constraint on B(1 + z) of

[B(1 + z)]1/5 & 19.7G
1/5. (10)

It could be argued that such a magnetic field is implau-
sibly high. For such a source at z ⇡ 0, the implied cy-
clotron frequency of ⌦e ⇠ 9 ⇥ 10

5 GHz, and the fact that
the synchrotron emission from an electron with Lorentz
factor � peaks around a frequency !c = (3/2)⌦e�2, leads
to a contradiction, since it would imply that the hypoth-
esized synchrotron emission would actually emanate from
non-relativistic electrons for all ⌫ . 10

6 GHz.

MNRAS 000, 1–21 (2017)
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‘point’ source exhibits a scintillation index (i.e. fractional
root-mean-square variations) with an amplitude

mpt =

✓
✓F
✓di�

◆5/6
, (6)

where rdi� = D✓di� is the di↵ractive scale, the trans-
verse scale over which inhomogeneities in the interplanetary
plasma impart one radian of root-mean-square phase di↵er-
ence in the wavefront of the scintillating source. The index
of 5/6 in Eq.(6) follows as a result of the assumption that
the turbulence follows a Kolomogorov spectrum (see, e.g.,
Narayan 1992). Since rdi� is not known a priori, it must
either be measured or estimated; the dotted line in Figure
4 represents the empirical estimate of mpt used throughout
this paper.

A source whose compact structure substantially exceeds
✓F exhibits a characteristic timescale set by the source size,
✓src, that exceeds the timescale, tF:

tscint ⇡
D✓src
vscint

= 1.8

✓
✓src

1 arcsec

◆ ✓
D

1 AU

◆ ✓
vscint

400 km s
�1

◆
s. (7)

The scintillation index of an extended source, m, is reduced
by a ratio ⇡ (✓src/✓F) relative to a point source, so that the
NSI is a direct measure of the source angular size relative to
the Fresnel angle:

NSI =
m

mpt

=

✓
✓F
✓src

◆
, ✓src > ✓F. (8)

We stress that this relationship between source size and the
NSI applies to a source consisting of a single component; the
NSI of a source that possesses an additional, more extended
component would be further reduced.

For sources closer to the Sun the scintillations enter the
regime of strong scattering, for which refractive scintillation
is the dominant source of intensity fluctuations. Formally,
this regime applies when the di↵ractive scale rdi� is substan-
tially smaller than the Fresnel scale, rF = D✓F. Refractive
scintillation is not relevant for the solar elongations probed
in the present dataset, and is not discussed further here.

Daily changes in the solar weather can produce small
changes in the parameters rdi� and the e↵ective distance
to the scattering region, and hence, rF, with commensurate
changes to the modulation index (see Kaplan et al. (2015)
for an extreme manifestation of this).

Extragalactic sources with components smaller than a
few kiloparsec (cores and hotspots) are expected to scin-
tillate at all redshifts greater than about 0.3, as shown in
Figure 6.

3.5 Catalogue of sources with scintillation index
measurements

Table 1 lists 25 sources from the central region of our field,
in ascending order of their RA. The full table will be avail-
able as supplementary material to this publication, in on-line
form through VizieR catalogue access tool (Ochsenbein et al.
2000), and also upon request to the authors. The columns
provided in Table 1 are as follows:
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Figure 5. Scintillation indices, normalised using the fit according
to Eq. 3 and as shown in Figure 4, are plotted as a function of
solar elongation for the high S/N subsample. Scintillating sources
are shown by blue filled circles with error bars, and grey trian-
gles show the upper limits for sources where scintillation was not
detected.
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Figure 6. The predicted normalised scintillation index (Y-axis)
based on Eq. 8 for objects with di↵erent linear sizes, as a function
of redshift for scintillation at 150MHz and at an e↵ective scat-
tering distance D = 1AU (i.e. the fiducial values in Eq. 4). For
AGN with linear size .0.5 kpc (figure 2 in Chhetri et al. 2012),
we expect the normalised scintillation index to be close to 1 for
redshifts above 0.2.

(1) GLEAM name for the source.
(2) Right Ascension (GLEAM).
(3) Declination (GLEAM).
(4) Flux density at 162MHz, interpolated from the GLEAM

158 and 166MHz peak flux densities(Jy/beam).
(5) Error in 162MHz flux density estimated using local

RMS.
(6) Radio spectral index across the GLEAM band

(72-231MHz).
(7) Flag for spectral index in GLEAM band. ’*’ indicates

that GLEAM does not provide a spectral index for
these sources which are not consistent with a pure
power law. We have provided an approximate power-
law fit to the GLEAM data.

(8) Error in spectral index.
(9) Number of NVSS sources within 60 arcsec of

MNRAS 000, 1–21 (2017)

What sources show IPS?



IPS with the MWA

Typical SEDs 

SEDs Credit: Joe Callingham

Weak Scintillators

Moderate Scintillators

Which sources are compact?Typical SEDs 

SEDs Credit: Joe Callingham

Weak Scintillators

Moderate Scintillators
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Peaked spectrum sources are all compact
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 Compact source counts

Does the compact population evolve differently?
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Source counts II
Fraction of total radio counts 

that are 
compact quasars

Fraction of sources 
that are 

(compact) peaked spectrum

versus
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Oddballs: e.g. MSP J0034-0534

Continuum RMS Skew Kurtosis

2.5σ 17σ
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IPS fields
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Conclusions

•Low-frequency VLBI almost as easy as spotting twinkling 
stars

• Typically probes structure <0.3” 

• Like adding 400 km baselines to SKA_LOW


•Peaked spectrum sources all compact


•Sources that are compact at higher frequency (AT20G or 
Fermi) a poor predictor of low-frequency compactness


Further details

Morgan et al. 2018, MNRAS, 473, 2965 
Chhetri et al. MNRAS, in press arXiv:1711.00393
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Surveys




